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Available online 14 October 2015The present experiment was conducted to evaluate the effect of elevated [CO2] with varying
nutrient management on rice–rice production system. The experiment was conducted in
the open field and inside open-top chambers (OTCs) of ambient [CO2] (≈390 μmol L−1) and
elevated [CO2] environment (25% above ambient) during wet and dry seasons in 2011–2013
at Kharagpur, India. The nutrient management included recommended doses of N, P, and K
as chemical fertilizer (CF), integration of chemical and organic sources, and application of
increased (25% higher) doses of CF. The higher [CO2] level in the OTC increased aboveground
biomass but marginally decreased filled grains per panicle and grain yield of rice, compared
to the ambient environment. However, crop root biomass was increased significantly under
elevated [CO2]. With respect to nutrient management, increasing the dose of CF increased
grain yield significantly in both seasons. At the recommended dose of nutrients, integrated
nutrient management was comparable to CF in the wet season, but significantly inferior in
the dry season, in its effect on growth and yield of rice. The [CO2] elevation in OTC led to a
marginal increase in organic C and available P content of soil, but a decrease in available N
content. It was concluded that increased doses of nutrients via integration of chemical and
organic sources in the wet season and chemical sources alone in the dry season will
minimize the adverse effect of future climate on rice production in subtropical India.
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hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Soil fertility1. Introduction
Climate change resulting from increasing atmospheric temper-
ature due to increasing levels of greenhouse gases, mainly
[CO2], and variation in rainfall has direct and indirect effects on
global food production [1]. As CO2 is an essential substrate for
photosynthesis, increasing [CO2] will strongly affect agricultural
production and global food security [2,3]. Increased [CO2]; fax: +91 3222 282244 / 2
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cience Society of China a
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license (http://creativecomincreases the rate of photosynthesis of C3 crops at the cellular
level through increased carboxylation and decreased oxygena-
tion, both catalyzed by ribulose-1,5-bisphosphate carboxylase
[2]. An increase in photosynthetic rates ultimately increases the
biomass production and yield of agricultural crops [4,5]. Several
studies have been conducted in recent years to characterize the
effects of elevated [CO2] on rice growth and yield in open-field
and controlled-environment chamber experiments [6,7]. Their55303.
nd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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yield, as rice is a C3 species and generally responds positively to
elevated [CO2] by increasing its carbon assimilation rates. In the
absence of temperature rise, several studies have shown
increased yields of food grains with increased [CO2] [8–10].
However, despite this favorable effect, the combined increase in
temperature and variation in rainfall will markedly affect food
grain production. Under climate change scenarios, rising
temperature nullifies the positive effect of increased [CO2]
concentration on grain yield of cereal crops [11–13]. This effect
is due to impaired pollination that leads to increased spikelet
sterility at high temperatures.
The effect of high temperature on crop growth is expected
to be region-specific, because of differing temperature sensi-
tivity of crops in different regions. In tropical and subtropical
latitudes, the increased temperature due to global warming
will probably be near or above the optimum temperature
range for the physiological activities of rice [14,15]. Warming
will thus impair rice growth and cause spikelet sterility
leading to grain yield reduction [16]. Higher air temperature
also affects soil health: for example, warmer conditions
enhance the decomposition of organic matter and increase
the rates of other chemical and biological processes that affect
inherent soil fertility [17] and thereby food production.
Rice is the second most important food crop in the world,
grown on 145 million ha with an annual production of
730 million tons of grain [18]. In India, rice is grown on
44 million ha, 28% of the world rice area, contributing 22% of
rice grain production [18]. Rice in India is grownmainly during
the wet season (June–November) as a rainfed crop receiving
the monsoon rain. Besides the wet-season crop, rice is also
grown during the dry season (January–May) with irrigation, a
practice more common in eastern India in the subtropical
climate. The rice production of both rainfed and irrigated
ecosystems is highly vulnerable to climate change, and the
productivity of rice cultivation in India has declined since the
1990s in comparison with the rate of population growth [19].
The food grain production of tropical and subtropical
countries including India is likely to be severely affected
under future climate scenarios, complicating the food security
of the developing world. This forecast is due to the generally
predicted deleterious effects on agriculture, particularly in
tropical and subtropical countries [20–22]. It is thus important
to predict the effect of elevated [CO2] and temperature on
growth and yield of rice and changes in soil fertility status,
using controlled-environment experiments for development
of suitable agro-adaptations to climate change. In the present
study, we used open-top chamber (OTC) field experimental
facility to characterize the effect of elevated [CO2] with
varying nutrient management on rice growth, yield, and
nutrient use efficiency and changes in soil chemical proper-
ties of rice–rice production systems in subtropical India.2. Material and methods
2.1. Experimental site
Field experiments for characterizing the effect of elevated
[CO2] on growth, yield, and nutrient use efficiency of rice cropand analysis of changes in soil chemical properties were
performed during the wet season (June–November) and dry
season (January–May) in 2011–2012 and 2012–2013 on the
research farm of the Agricultural and Food Engineering
Department, Indian Institute of Technology Kharagpur,
Kharagpur (22°19′N latitude and 87°19′E longitude), India.
Soil at the location is red lateritic with sandy loam texture,
low in organic C and available N content, medium in available
P, and low in available K content. The detailed physical and
chemical characteristics of the soil of the experimental field
are presented in Table 1. The climate of Kharagpur is humid
and subtropical. The location receives an average annual
rainfall of 1600 mm with an occurrence of 70–75% of the total
rainfall in the wet season (June to November). The average
maximum temperature ranges from 25.8 °C in December/
January to 36.0 °C in April/May. The average minimum
temperature ranges from 13.3 °C in December/January to
25.9 °C in June.
2.2. Experimental details
The field experiments were performed in the open field and in
OTCs. OTCs, made of polycarbonate sheets having a mini-
mum of 80% light transmittance, are the most widely used
and precise experimental method for exposing field grown
plants to elevated [CO2] and other atmospheric gases. An
experiment varying [CO2] environment and nutrient manage-
ment was conducted during the wet and dry seasons of
2011–2012 and 2012–2013. Following are the treatment details
of the [CO2] environmental design and nutrient management.
Factor 1: [CO2] environmental (E) design (3 levels)
E1—Open field,
E2—OTC with ambient [CO2] level ([CO2] ≈ 390 μmol L−1)
(ambient), and
E3—OTC with [CO2] level 25% higher than the ambient
([CO2] ≈ 490 μmol L−1) (elevated [CO2])
The desired [CO2] level in OTC was maintained with a
computer-based data acquisition system, as explained later in
the instrumentation section.
Factor 2: nutrient (N) management (5 levels)
N1—Chemical fertilizer (CF) at 100% recommendation of
N, P, and K via soil application: CF100
N2—Integrated nutrient management of CF at 50% recom-
mendation of N, P, and K with organic fertilizer (OF) at 50%
N recommendation: CF50 + OF50
N3—Integrated nutrient management of CF and OF with
conservation technology (CT): CF50 + OF50 + CT
N4—CF100 via soil application (SA) of full P and K and 85%
N and foliage application (FA) of remaining 15% N:
SA85 + FA15
N5—CF at 125% recommendation of N, P and K through soil
application: CF125
The recommended CF100 dose of nutrients as N:P2O5:K2O
was 120:50:60 kg ha−1 for both wet and dry seasons. The OF
sources were farmyard manure (FYM), sesbania as in-situ
green manuring, and Azotobacter. Sesbania seed at 30 kg per
Table 1 – Physical and chemical properties of experimental soil at 0–20 cm depth.
Particular Value Method
Physical property
Particle size distribution Pipette method (Piper, 1950)
(i) Sand (%) 66.81
(ii) Silt (%) 20.83
(iii) Clay (%) 12.36
Bulk density (g mL−1) 1.50 Core sampler (Piper, 1950)
Maximum water holding capacity (%) 29.65 Keen–Raczkowski (Piper, 1950)
Field capacity at 1/3 bar (%) 14.10 Pressure plate apparatus (Thorne and Peterson, 1954)
Permanent wilting point (%) 5.52 Do
Chemical property
pH (1.0:2.5, soil: water) 6.30 Glass electrode pH meter (Jackson, 1973)
Cation exchange capacity (meq/100 g) 4.10 NH4OAc-leaching (Jackson, 1973)
Organic carbon (%) 0.38 Walkley–Black method (Jackson, 1973)
Available N (mg kg−1) 61.60 Alkaline KMnO4 (Subbaiah and Asija, 1956)
Total N (%) 0.039 Modified Kjeldahl method (Chapman and Pratt, 1961)
Available P (mg kg−1) 9.20 NH4F-extraction (Jackson, 1973)
Total P (%) 0.016 Perchloric acid method (Jackson, 1973)
Available K (mg kg−1) 43.00 NH4OAc-extraction (Jackson, 1973)
Total K (%) 0.018 HF-acid decomposition (Chapman and Pratt, 1961)
Available Fe (mg kg−1) 50.12 DTPA extraction (Lindsay and Norvell, 1978)
Available Mn (mg kg−1) 12.50 Do
Available Zn (mg kg−1) 1.21 Do
Available Cu (mg kg−1) 1.55 Do
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rice transplanting and incorporated at the time of land
preparation. FYM at 5 t ha−1 was applied 15 days before rice
transplanting and Azotobacter, a microbial fertilizer, was
applied at 10 kg ha−1. The approximate N addition from
sesbania, FYM, and Azotobacter as sources of OF was 30, 25,
and 5 kg ha−1, respectively, to meet 50% of the N recommen-
dation of rice in each season. The P and K requirements of CF
were applied in full as basal applications at the time of
transplanting, as single superphosphate (16% P2O5) and
muriate of potash (60% K2O), respectively. The N requirement
of CF was applied as urea (46% N) in four equal splits at
planting, active tillering, panicle initiation, and flowering
stage of the cultivar. For the treatment with foliage applica-
tion of N, spraying was performed three times in equal doses
one week before and after panicle initiation and one week
before heading with a 3% urea solution. In CT, during the
harvest of the previous season's rice, stubbles were left with
8 cm above the ground surface and were later incorporated in
the soil by normal tillage operations, and the soil was left
loose and friable. After the tillage operation, the land was
flooded with water to make the soil softer for transplanting of
rice seedling. Rice seedlings were transplanted under
non-puddled conditions without disturbing the soil structure
in this treatment. In the remaining treatments, conventional
puddling was performed for transplanting of rice seedlings.
These five nutrient management treatments were applied
in two replications in three environments: open field, and
ambient and elevated [CO2] in the OTC. These 15 treatment
combinations (three [environment] × five [nutrient manage-
ment]) were laid out in a randomized complete block design.
The plot size for each treatment was 1.8 m × 1.0 m in the
OTCs. The land in the open field and OTCs was prepared by
puddling for all treatments, except in the treatment with CT,
where normal plowing was performed and thereafter the fieldwas flooded with irrigation water for rice transplanting.
Rice seedlings 25 days old were transplanted at 2–3
seedlings per hill at a spacing of 20 cm × 15 cm. The
transplanting dates were July 27 in 2011 and July 15 in 2012
for the wet season and January 31 in 2012 and January 30 in
2013 for the dry season. The cultivars were “Swarna sub1”
(140–145 days) in the wet season and “Lalat” (120–125 days) in
the dry season.
2.3. Instrumentation
Carbon dioxide monitors and temperature and relative
humidity sensors were used to record [CO2] concentration,
temperature, and relative humidity in the open field and
OTCs. Release of CO2 to the OTC was controlled by computer
based SCADA (supervisory control and data acquisition)
software. SCADA regulated the flow of CO2 according to the
set value for the OTC. Data loggers were used to record the
mean [CO2] concentration as process values for all chambers
at 1-min intervals. When the process value was lower than
the set value, command passed from the system software to
the switching-mode power supply for opening of a relay
module to regulate the opening of a solenoid valve for
releasing CO2 into the OTC. When the process value reached
the set value, the relaymodule and solenoid valve were closed
to stop the release of CO2. [CO2] in the open field was about
390 μmol L−1. Accordingly, the [CO2] of the OTC with elevated
[CO2] was maintained at 25% higher than in the open field, or
about 490 μmol L−1, by the SCADA.
2.4. Plant sampling and observations
Observations were collected for crop growth parameters at
periodic intervals and for yield attributes and yield at crop
maturity.
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Plant samples were collected from transplanting to harvest
at 20-day intervals. For this purpose, nondestructive
observations of tiller numbers of 20 hills of a plot were
recorded, and the average tiller number of representative hill
was established [23]. From these 20 hills, two hills with
average tiller number were considered as sample hills.
Samples from these hills were cleaned and washed in water
to remove surface contamination and were separated into
stems, leaves, and panicles and placed in paper packets for
oven-drying at 70 °C to constant weight. The sum of the dry
biomass of plant parts was taken as the aboveground biomass
production. Leaf weight, stem weight, panicle weight, above-
ground biomass, leaf area, and tiller production were recorded.
For computing leaf area index (LAI), the leaf area per plant
was measured using leaf area meter (Licor LI-3000A) and the
LAI was computed following the procedure of [24].
LAI ¼ Leaf area per plant cm
2
 
Land area per plant cm2ð Þ
2.4.2. Yield attributes and harvest yield
At the harvest of the rice crop, observations on yield attributes
and grain and straw yield were recorded from a 60 × 60 cm
area marked at the center of each plot from which plant
sampling had not been performed earlier. The yield attribute
total panicle number in this area was measured and average
panicle number per m2 was determined. From this area, two
representative hills were selected and panicles and grains of
these hills were separated to determine filled grains per
panicle and 1000-grain weight. Grains of all hills of the
marked area were separated from straw, and grain and
straw weight were recorded for each plot.
2.4.3. Nitrogen uptake and nitrogen use efficiency
The dried leaf, stem and grain samples collected at crop
maturity were analyzed for N content following standard
protocols [25]. From the N contents of the plant parts, the N
uptake by plant organs was computed. The total N uptake by
rice was the sum of the N uptake by stems, leaves, and grains.
The N harvest index (NHI), physiological N use efficiency (PE),
and grain N use efficiency (NUEg) were calculated [26,27].
N uptake kg ha−1
 
¼ N content %ð Þ  weight of total dry matter kg ha
–1
 
100
NHI ¼ Grain N uptake kg ha
−1
 
Total N uptake kg ha−1ð Þ
PE ¼ Dry matter kg ha
−1
 
Total N uptake kg ha−1ð Þ
NUEg ¼ Grain yield kg ha
−1
 
Total N uptake kg ha−1ð Þ
2.5. Soil chemical analysis
Soil samples from a depth of 0–20 cm were collected from
each plot after harvest. The sampleswere collected from threerandomly selected spots in each plot and were thoroughly
mixed to prepare a homogeneous sample. The samples were
dried under shade, groundwithmortar and pestle, and passed
through a 2 mm sieve for analysis of chemical properties. Soil
samples were analyzed for organic carbon content by the
Walkley and Black method [25], available N by the alkaline
KMnO4 method [28], available P by the NH4F-extraction
method [25], and available K by the NH4OAc-extraction
method [25].
2.6. Statistical analysis
The crop observations of the two years field experiments were
averaged for both wet and dry seasons and subjected to
statistical analysis following standard procedure [29]. Analy-
sis of variance of the data was calculated and the significance
of the factors (environment and nutrient management) was
tested at P = 0.05. Least significant differences (at P = 0.05)
among treatment means were calculated for evaluation of
treatment effects.3. Results
The performances of the rice production system under
different environments with varying nutrient management
as recorded through crop growth, yield, and nutrient use
efficiency in the wet and dry seasons separately and the
changes in soil chemical properties after harvest of each crop
season in the field experimentation are presented as follows.
3.1. Wet season
3.1.1. Environmental parameters
Variation in key environmental parameters ([CO2] content and
temperature) inside OTCs and outside (open field), was
recorded at 1-min intervals during the crop growing period
in the wet seasons of 2011 and 2012. As averaged over the
crop growing period, the [CO2] values were 390, 402, and
491 μmol L−1 in the open field, ambient OTC, and elevated
[CO2] OTC, respectively during the year 2011. The [CO2] values
of the corresponding environments during 2012 were 384, 401,
and 501 μmol L−1. The average daily air temperatures in the
open field were 28.4 °C during 2011 and 29.5 °C during 2012.
The average air temperatures of ambient and elevated [CO2]
environments in the OTC were 29.4 °C and 30.3 °C, respec-
tively, in 2011 and 31.3 °C and 32.0 °C in 2012. As averaged
over the crop growing period, an increased [CO2] content of
92 μmol L−1 with a corresponding rise in temperature of 0.8 °C
was recorded in the OTC with elevated [CO2], compared to the
ambient OTC.
3.1.2. Growth
The growth parameters recorded, such as maximum tiller
production at panicle initiation stage, leaf area and root
weight at flowering, and aboveground biomass at maturity are
given in Table 2. The crop grown in the open-field environ-
ment produced the most tillers (349 per m2), LAI (5.2), root
weight (861 kg ha−1), and aboveground biomass at flowering
(8985 kg ha−1), and harvest (12,267 kg ha−1) followed by the
Table 2 – Tiller production, leaf area index (LAI), root biomass at flowering, and aboveground biomass of rice grown with
different nutrient management and environments in the open field and inside OTC as ambient and elevated [CO2] during
the wet season at Kharagpur, India.
Treatment Maximum tiller
production
(No. m−2)
Maximum
LAI
Aboveground biomass
(flowering)
(kg ha−1)
Aboveground biomass
(maturity)
(kg ha−1)
Root
biomass
(kg ha−1)
Environment
Open field 349 5.2 8985 12,267 861
Ambient 260 4.9 7488 9591 489
Elevated [CO2] 273 5.0 8317 10,112 563
SEm(±) 7 0.1 166 197 21
LSD0.05 21 NS 503 598 64
Nutrient
CF100 292 5.1 8642 11,063 690
CF50 + OF50 278 4.8 9027 9998 537
CF50 + OF50 + CT 267 4.9 7678 10,168 524
SA85 + FA15 295 5.0 7735 10,549 676
CF125 337 5.3 8234 11,503 762
SEm(±) 9 0.2 214 255 27
LSD0.05 27 NS 649 772 83
CF, chemical fertilizer; OF, organic fertilizer; CT, conservation technology; SA, soil application of CF as N and full P and K; FA, foliage application
of CF as N. The values represent percentage of nutrient application through respective sources, especially N, P and K in CF and N in OF, SA, and
FA. SEm, standard error of mean; LSD, least significant difference; NS, Not significant.
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ambient and elevated [CO2] environments in the OTC gave
comparable tiller and aboveground biomass production
values, but these were significantly lower than the open field
values. The increasing [CO2] in OTC increased the root weight
significantly. Among the nutrient management treatments,
CF125 showed significantly higher tiller production than the
other treatments. The treatments with the recommended
dose of nutrients, CF100, CF50 + OF50, CF50 + OF50 + CT, and
SA85 + FA15, had comparable tiller production. Treatment
CF125 gave the highest aboveground biomass (11,503 kg ha−1)
and root biomass (762 kg ha−1), which were comparable withTable 3 – Yield attributes, straw yield, N uptake, and N use effici
nutrient managements and environments in the open field and
season at Kharagpur, India.
Treatment Panicle
(No. m−2)
Filled
grain (%)
1000-grain
weight (g)
Har
in
Environment
Open field 273 74 19.4 0.42
Ambient 195 72 18.5 0.39
Elevated [CO2] 206 70 18.2 0.36
SEm(±) 5 2 0.1 0.01
LSD0.05 16 NS 0.3 0.03
Nutrient
CF100 225 71 18.7 0.37
CF50 + OF50 215 76 18.8 0.41
CF50 + OF50 + CT 218 71 18.5 0.38
SA85 + FA15 226 72 18.6 0.38
CF125 240 72 18.8 0.40
SEm(±) 7 3 0.1 0.01
LSD0.05 NS NS NS NS
CF, chemical fertilizer; OF, organic fertilizer; CT, conservation technology;
of CF as N. The values represent percentage of nutrient application throug
FA. SEm, standard error of mean; LSD, least significant difference; NS, nothose of CF100, but significantly higher than those of the other
nutrient management treatments. The recommended dose of
nutrients through integrated sources (CF50 + OF50 and
CF50 + OF50 + CT) gave significantly lower aboveground bio-
mass and root biomass than only CF (CF100). LAI was not
influenced by the varying environments and nutrient
management.
3.1.3. Yield attributes and yield
The rice crop grown in the open-field environment produced
significantly higher number of panicles per m2, filled grain
percentage, harvest index, 1000-grain weight, grain yield, andency for grain production (NUEg) of rice grownwith different
inside OTCs as ambient and elevated [CO2] during the wet
vest
dex
Straw yield
(kg ha−1)
N uptake
(kg ha−1)
NUEg
(kg grain kg−1 N uptake)
6360 90 51
5913 75 43
6025 76 40
93 1.75 1.13
283 5.31 3.42
6323 78 44
5668 87 47
5741 76 44
6148 78 43
6618 84 44
120 2.26 1.46
365 6.85 NS
SA, soil application of CF as N and full P and K; FA, foliage application
h respective sources, especially N, P and K in CF and N in OF, SA, and
t significant.
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Increasing [CO2] in the OTC increased panicle number by 6%,
but decreased filled grain number per panicle by 5% and grain
yield by 6%. However, the elevated [CO2] and ambient
environments in the OTC had comparable effects on yield
attributes and grain and straw yield of rice. The effect of
nutrient management was not significant for panicle number,
filled grain percentage, or 1000-grain weight of rice. Increasing
levels of nutrients via CF (CF125) resulted in a significant
increase in grain and straw yield of rice as compared to
the normal recommendation as CF100 and the other
nutrient management regimes. The recommended doses of
integrated nutrient management treatments (CF50 + OF50
and CF50 + OF50 + CT) were comparable to CF100 with
respect to grain yield production, but gave significantly
lower straw yield. The interaction effect of environment and
nutrient management was not significant for the yield
attributes and yield. The interaction effect of year, environ-
ment, and nutrient management was not significant for grain
yield (Table 4).
3.1.4. Nitrogen uptake and use efficiency
The crop grown under open field had significantly higher
grain yield and total N uptake than that in the OTC
environment (Table 3). In OTC, the [CO2] elevation resulted
in lower grain N uptake, but the values were not significantly
different. Among the nutrient management treatments, the
treatment with an increased nutrient dose (CF125) resulted in
significantly higher grain N uptake than the treatments with a
recommended dose, CF (CF100) and the combinations of CF
and OF (CF50 + OF50 and CF50 + OF50 + CT). Increasing [CO2]
in OTC and varying nutrient management had no significant
influence on total N uptake of rice. A significantly higher
NUEg was noted in the open field than in the ambient
environment or elevated [CO2] in OTC. The increasing [CO2]
in OTC resulted in a nonsignificant lower NUEg compared to
that of the ambient environment (Table 3). The varying
nutrient management had no significant influence on NHI,
PE, and NUEg.Table 4 – Grain yield (kg ha−1) of rice grown with different nutri
inside OTC as ambient and elevated [CO2] during the wet seaso
Nutrient management (N)
Open field Ambient Elevated [C
2011
CF100 4328 3313 3039
CF50 + OF50 4259 3047 3266
CF50 + OF50 + CT 3991 3222 3162
SA85 + FA15 4472 4032 3861
CF125 5624 4408 4080
4535 3604 3482
E N
SEm(±) 147 189
LSD0.05 444 574
Y E N
SEm(±) 83.3 102.0 131.7
LSD0.05 241 295 381
CF, chemical fertilizer; OF, organic fertilizer; CT, conservation technology;
of CF as N. The values represent percentage of nutrient application throug
FA. SEm, standard error of mean; LSD, least significant difference; NS, no3.2. Dry season
3.2.1. Environmental parameters
Averaged over the crop growing period, the [CO2] values were
389, 397, and 496 μmol L−1 in the open field, ambient OTC, and
elevated [CO2] OTC environment, respectively, during 2012.
During 2013, [CO2] values for the corresponding environments
were 388, 397, and 499 μmol L−1. The average daily air
temperatures during crop growing period for open field,
ambient OTC, and elevated [CO2] OTC were 27.7, 28.7, and
29.7 °C, respectively, in 2012 and 28.4, 29.4, and 30.2 °C in 2013.
Averaged over the crop growing period, an increased [CO2]
content of 101 μmol L−1 with a corresponding rise in temper-
ature of 0.9 °C was observed in the OTC with elevated [CO2] as
compared to the ambient environment.
3.2.2. Growth
The growth parameters recorded, such as maximum tiller
production at panicle initiation stage, leaf area and root
weight at flowering, and aboveground biomass at maturity,
are given in Table 5. The crop grown in the elevated [CO2]
environment had the most tillers (295 per m2) and the highest
LAI (4.5). Aboveground biomass at flowering (8553 kg ha−1)
and at harvest (11,626 kg ha−1) was followed by those in
the ambient environment in OTCs and open field. However
for all these growth parameters, the ambient and elevated
[CO2] environments were comparable, whereas root weight
was significantly increased under elevated [CO2] environ-
ment compared to the ambient environment. Among the
nutrient management treatments, CF125 and CF100 were
comparable and significantly superior to the recommended
dose of integrated nutrient management (CF50 + OF50,
CF50 + OF50 + CT) in increasing these growth parameters of
rice.
3.2.3. Yield attributes and yield
The crop grown in the open-field environment had signifi-
cantly lower number of panicles per m2, filled grain percent-
age, 1000-grain weight, harvest index, grain yield, and strawent managements and environments in the open field and
n in 2011 and 2012 at Kharagpur, India.
Environment (E)
O2] Mean Open field Ambient Elevated [CO2] Mean
2012
3560 5360 4270 3879 4503
3524 4945 3905 3589 4146
3458 5082 3919 3623 4208
4122 5349 4039 3848 4412
4704 5575 4532 4032 4713
5262 4133 3794
E × N E N E × N
328 143 185 320
NS 434 NS NS
Y × E Y × N E × N Y × E × N
144.2 186.2 228.1 322.5
NS NS NS NS
SA, soil application of CF as N and full P and K; FA, foliage application
h respective sources, especially N, P and K in CF and N in OF, SA, and
t significant.
Table 5 – Tiller production, leaf area index (LAI), root biomass at flowering, and aboveground biomass of rice grown with
different nutrient management and environments as open field and inside OTC as ambient and elevated [CO2] during the
dry season at Kharagpur, India.
Treatment Maximum tiller
production
(No. m−2)
Maximum
LAI
Aboveground biomass
(flowering) (kg ha−1)
Aboveground biomass
(maturity) (kg ha−1)
Root biomass
(kg ha−1)
Environment
Open field 265 4.3 6647 9825 736
Ambient 283 4.3 8377 11,450 387
Elevated [CO2] 295 4.5 8553 11,626 548
SEm(±) 5 0.1 136 183 21
LSD0.05 15 NS 412 556 63
Nutrient
CF100 297 4.5 8103 11,365 581
CF50 + OF50 258 4.0 8545 10,218 487
CF50 + OF50 + CT 265 4.1 7304 10,329 472
SA85 + FA15 279 4.4 7499 10,900 560
CF125 305 4.7 7844 12,025 686
SEm(±) 6 0.1 175 237 27
LSD0.05 19 0.4 531 718 81
CF, chemical fertilizer; OF, organic fertilizer; CT, conservation technology; SA, soil application of CF as N and full P and K; FA, foliage application
of CF as N. The values represent percentage of nutrient application through respective sources, especially N, P and K in CF and N in OF, SA, and
FA. SEm, standard error of mean; LSD, least significant difference; NS, not significant.
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[CO2] in OTC marginally decreased yield attributes and grain
and straw yield of rice. The effect of nutrient management
was significant for filled grains per panicle and grain yield
production. Increasing the level of nutrients through CF
(CF125) led to a significant increase in filled grain number
and grain yield. The recommended dose of nutrients as CF100
and SA85 + FA15 gave comparable grain yields, significantly
greater than those under integrated nutrient management
(CF50 + OF50 and CF50 + OF50 + CT). The interaction effect of
environment and nutrient management was not significantTable 6 – Yield attributes, straw yield, N uptake, and N use effici
nutrient management and environments in open field and in
season at Kharagpur, India.
Treatment Panicle
(No. m−2)
Filled
grain (%)
1000-grain
weight (g)
Ha
in
Environment
Open field 219 81 22.5 0.42
Ambient 239 82 23.6 0.45
Elevated [CO2] 246 77 23.2 0.43
SEm(±) 6 1 0.04 0.01
LSD0.05 17 4 0.13 NS
Nutrient
CF100 241 81 23.0 0.43
CF50 + OF50 227 82 23.7 0.44
CF50 + OF50 + CT 226 78 22.9 0.42
SA85 + FA15 231 79 22.0 0.42
CF125 248 80 23.8 0.43
SEm(±) 7 1.5 0.06 0.02
LSD0.05 NS NS 0.17 NS
CF, chemical fertilizer; OF, organic fertilizer; CT, conservation technology;
of CF as N. The values represent percentage of nutrient application throug
FA. SEm, standard error of mean; LSD, least significant difference; NS, nofor the yield attributes and yield. The interaction effect of
year, environment, and nutrient management was not
significant for grain yield (Table 7).
3.2.4. Nitrogen uptake and use efficiency
The crop grown in the open field had significantly lower grain
and total N uptake than that in the OTC environment. In the
OTC, the elevated [CO2] and ambient environments gave
comparable N uptake (Table 6). The increasing nutrient
dose (CF125) did not increase the grain and total N uptake
significantly compared to CF100. Among the recommendedency for grain production (NUEg) of rice grownwith different
side OTC with ambient and elevated [CO2] during the dry
rvest
dex
Straw yield
(kg ha−1)
N uptake
(kg ha−1)
NUEg
(kg grain kg−1 N uptake)
5590 76 56
6137 87 59
6509 89 56
149 2.5 1.7
453 7.6 NS
6300 90 55
5752 95 57
5836 77 57
5999 77 57
6506 83 58
193 3.2 2.1
NS 9.8 NS
SA, soil application of CF as N and full P and K; FA, foliage application
h respective sources, especially N, P and K in CF and N in OF, SA, and
t significant.
Table 7 – Grain yield (kg ha−1) of rice grown with different nutrient management and environments in open field and inside
OTC with ambient and elevated [CO2] during the dry season in 2012 and 2013 at Kharagpur, India.
Nutrient management (N) Environment (E)
Open field Ambient Elevated [CO2] Mean Open field Ambient Elevated [CO2] Mean
2012 2013
CF100 4580 5999 5494 5358 3865 4915 4549 4443
CF50 + OF50 4262 5064 4968 4765 3282 4196 4133 3870
CF50 + OF50 + CT 4378 4890 4869 4712 3487 4250 4187 3975
SA85 + FA15 4493 5568 5370 5144 3531 4817 4698 4349
CF125 4991 6365 5953 5769 4141 5423 5220 4928
Mean 4541 5577 5331 3661 4720 4557
E N E × N E N E × N
SEm(±) 194 251 434 134 173 299
LSD0.05 589 NS NS 405 523 NS
Y E N Y × E Y × N E × N Y × E × N
SEm(±) 99.9 122.4 158.0 173.1 223.5 273.7 87.1
LSD0.05 289 354 457 NS NS NS NS
CF, chemical fertilizer; OF, organic fertilizer; CT, conservation technology; SA, soil application of CF as N and full P and K; FA, Foliage application
of CF as N. The values represent percentage of nutrient application through respective sources, especially N, P and K in CF and N in OF, SA, and
FA. SEm, standard error of mean; LSD, least significant difference; NS, not significant.
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were comparable and both gave significantly higher grain and
total N uptake than the integrated nutrient management
treatments (CF50 + OF50 and CF50 + OF50 + CT). The varying
environments and nutrient management had no significant
influence on NHI, PE, and NUEg.
3.3. Soil chemical properties
Changes in chemical properties of soil under varying
environments due to application of chemical and organic0
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Kharagpur, India.fertilizer sources, analyzed at harvest of wet and dry
season crops in both years, are shown in Figs. 1 and 2,
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3.3.1. Organic carbon
In the wet seasons, higher organic carbon was observed with
integrated nutrients than with CF alone. The effect of
environmental variation on soil organic carbon content was
not significant. However, the organic carbon content was
marginally increased under elevated [CO2] compared to the
ambient environment in the OTC. The organic carbon content0
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and environments in open field and inside OTC with ambient and elevated [CO2] during the dry season of 2012 and 2013 at
Kharagpur, India.
476 T H E C R O P J O U R N A L 3 ( 2 0 1 5 ) 4 6 8 – 4 8 0of soil analyzed after harvest of the dry season crop followed a
pattern similar to that of the wet season.
3.3.2. Available nitrogen
The elevated [CO2] gave lower available N content than the
ambient environment in the OTC during both wet and dry
seasons. The available N contents under the treatments
CF50 + OF50, CF50 + OF50 + CT, and SA85 + FA15 were signif-
icantly lower than that under the treatment with a higher
nutrient dose (CF125) in the first wet season. However in the
second wet season, all the nutrient management treatments
gave comparable available N content. Similarly in the dry
season, the available N contents under nutrient management
treatments of chemical or integrated sources with similar N
dose were not significantly different.
3.3.3. Available phosphorus
Among the environments, the open field showed the highest
available P in all the wet and dry seasons. It was not
significantly different from that under elevated [CO2], but
significantly higher than that under the ambient environment
in the OTC. As compared to the ambient environment,
elevated [CO2] in the OTC increased the soil available P
content by 8% and 16% in the first and second wet seasons
and by 26% and 18% in the first and second dry seasons,
respectively. The effect of varying nutrient management on
soil available P content was not significant in either the wet or
dry season of either year.
3.3.4. Available potassium
In general, the open field gave lower available K content than
the OTC environment. In the OTC, the elevated [CO2] and
ambient environments gave comparable available K content.The available K content was not influenced by varying
nutrient management in the wet or dry seasons.4. Discussion
4.1. Effect of elevated [CO2] with nutrient management on rice
crop performance
In our experiment, the aboveground biomass at harvest of the
crop grown under elevated [CO2] (≈490 μmol L−1) increased by
10% in the wet season and 6% in dry season compared to that
under ambient [CO2] (≈390 μmol L−1) in the OTC. The increase
in aboveground biomass under elevated [CO2] was due to
increasing LAI and tiller production in both seasons. The
increased biomass accumulation due to [CO2] elevation was at
a maximum at the initial period of crop growth, declining as
the crop progressed towards maturity. The aboveground
biomass was increased by up to 13% at active tillering, 7% at
panicle initiation and 9% at flowering of the crop under [CO2]
elevation during the wet season. The increase in biomass
during the dry season was up to 23% at active tillering, 18% at
panicle initiation, and 11% at flowering of the crop. The
observed higher response of biomass to elevated [CO2] early in
the growing season may have been due to higher N uptake
with greater root development under elevated [CO2] environ-
ment [30]. A higher increase in aboveground biomass due to
[CO2] enrichment during the early than during the later
growth period has been reported [31]. Some studies have
concluded that the positive effect of elevated [CO2] on plant
biomass declined from tillering towards maturity [7,32,42]. De
Costa et al. [33] reported that rice plants grown under elevated
[CO2] (570 μmol L−1) accumulated biomass faster than those
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tive and grain-filling stages. Increased biomass under elevat-
ed [CO2] is due to increased rate of photosynthesis and
net assimilation capacity by promotion of carboxylation and
inhibition of oxygenation of ribulose-1,5-bisphosphate car-
boxylase [2]. Similar findings have been reported by many
researchers [34–36].
The rice root system is a vital organ for water and nutrient
acquisition, and root number and activity affect the growth of
aerial parts and economic yield. The consensus is that
photosynthesis and C allocation to plant roots increase as
atmospheric [CO2] rises, leading to an increase in root weight
[37]. Our results indicated increasing root weight with
elevated [CO2] in the OTC experiment. The increase in root
weight of the crop grown under elevated [CO2] (≈490 μmol L−1)
was 15–16% in wet seasons and 36–48% in dry seasons as
compared to the ambient [CO2] (≈390 μmol L−1) in the OTC.
Kimball et al. [5] reported an increase of 47% in root biomass
in response to elevated [CO2] under sufficient mineral
nutrition and water condition. Other researchers have also
reported increasing root weight under elevated [CO2] [38].
Rice yield is determined by panicle number per unit area,
filled grains per panicle, filled grain percentage, and individ-
ual grain weight. The productive tiller number as panicle
number appears after tiller degeneration during the repro-
ductive stage. In general, growth and yield of rice are expected
to increase with [CO2] elevation, but high temperature has
a negative effect. In our experiment, the elevated [CO2]
decreased filled grain number per panicle by 5% to 6% in the
wet season and 2% in the dry season, though they were not
significantly different. In contrast, the 1000-grain weight of
rice grain was decreased markedly under elevated [CO2]
compared to that under the ambient environment in the
OTC during the wet season.
The increasing frequency and intensity of high tempera-
ture (>33 °C) pose a serious threat to agricultural production,
especially in cereals such as rice [39]. The threat is highest
when high temperatures coincide with anthesis [40] and the
grain-filling period [41]. The average day time temperatures of
28.1 to 30.4 °C in the wet season and 33.7 to 34.3 °C in the dry
season in the elevated [CO2] environment, in contrast to the
corresponding ambient temperatures of 27.3 to 29.6 °C in the
wet and 32.6 to 33.5 °C in the dry season during the grain
filling phase, resulted in poor grain filling rate and reduced
grain yield during the wet as well as the dry season, though
they were not significantly different. Researchers have
reported that elevated [CO2] alone increased yields mainly
because of the more tiller productions [8,42]. High tempera-
ture induced spikelet sterility [43,44], thereby reducing grain
yield. The rising temperature nullifies the positive effect of
increased [CO2] concentration on grain yield. There are a
variety of rice responses to increasing temperature that limit
the yield response to increased [CO2]. Even just a 1 °C increase
in temperature could result in a large yield decrease, owing to
the lower number of grains being formed [45]. Matsui and
Omasa [46] reported that high temperature at anthesis
inhibits swelling of the pollen grains and induces spikelet
sterility, thereby decreasing rice yield.
Nitrogen fertilizer is an essential plant nutrient and key
input for increasing crop growth and yield [47,48]. The highernutrient application (CF125) increased the aboveground bio-
mass by 4–12% and grain yield by 9–18% as compared to a
recommended dose (CF100). This response was due to
increases in tiller production, LAI, and yield attributes
(panicles per m2, filled grains per panicle) with an increasing
nutrient dose in both seasons. Higher nutrient application in
tropical rice soil could enhance dry matter accumulation and
distribution under elevated [CO2] [32]. Photosynthetic rates
increased at high [CO2] and high nitrogen, possibly leading to
better translocation of source to sink, hence enhanced grain
yield of rice [49]. The treatments with similar N application
level through CF (CF100 and SA85 + FA15) and though
integrated nutrients (CF50 + OF50 and CF50 + OF50 + CT)
gave comparable grain yields during the wet season. This
response was due to comparable growth (biomass, LAI, and
tiller production), yield attributes (panicle number, filled grain
number, and grain weight) and yield among these nutrient
management treatments. In contrast, in the dry season, the
treatments with CF alone gave significantly higher grain
yield production than the integrated nutrient management
treatments. Temperature, as a main regulator of microbial
processes, affects the rate of organic matter mineralization in
integrated nutrient management [50]. Increasing the temper-
ature can increase organic matter solubility [51] and affect the
activity of extracellular enzymes that convert large organic
matter molecules to forms that can be assimilated by
microbial biomass [52]. In our experiment, the air tempera-
tures at the time of organic fertilizer application were 29.9 °C
and 19.3 °C in the wet and dry seasons, respectively. The
lower air temperature at the time of organic fertilizer
application in the dry season may have reduced the mineral-
ization process, thereby lowering the availability of nutrients
to crops in the vegetative stages and reducing the biomass
and yield under integrated nutrient management. In the wet
season, the grain yield in 2011 was lower than that in 2012.
Temperature and solar radiation are the main climatic factors
affecting rice growth and yield. The higher maximum air
temperature during the grain filling period in 2011 possibly
resulted in higher spikelet sterility, leading to a lower number
of filled grains and lower yield than in 2012. Solar radiation
activates the photosystem so that the light reaction of
photosynthesis starts and electrons generated by photolysis
of water move to produce energy carriers such as NADPH and
ATP for biomass accumulation and grain yield formation.
There was a negative relationship between grain yield and
temperature and a positive relationship between grain yield
and radiation. The difference in grain yield between open field
and ambient was higher in the wet season than in the dry
season. The lower grain yield in the ambient environment
during the wet season was due to lower solar radiation during
the grain-filling phase.
Total crop N uptake in elevated [CO2] was marginally,
though not significantly, higher than in the ambient environ-
ment. An OTC study [34] and a Free Air Carbon dioxide
Enrichment (ACE) study [32] found that the total amount of N
uptake was similar for elevated and ambient [CO2] crops by
the end of the experiments (at flowering or at maturity). FACE
experiments performed in China and Japan found that
elevated [CO2] decreased the N concentration and increased
the N absorption by rice plants at normal and high levels of N
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caused by enhanced accumulation of carbohydrates [55].
In general, the NHI, PE, and NUEg were not significantly
influenced by the change in environment and nutrient
management.
4.2. Effect of elevated [CO2] with nutrient management on soil
chemical properties
In our experiment, soil organic carbon under elevated [CO2]
was marginally higher than that in the ambient environment
during both the seasons. Further, the treatment with inte-
grated nutrient management gave marginally higher organic
carbon content than the treatments with CF alone. Studies
have reported increasing soil organic carbon content with
[CO2] elevation [56] and integration of organic and inorganic
sources of nutrients [57,58] in tropical and subtropical
climates. Elevated [CO2] can increase soil organic C content
mainly by increasing production and allocation of photosyn-
thate to the rhizosphere and thus increasing C input into
the soil [59]. Some studies found that elevated [CO2] concen-
tration tended to increase plant photosynthesis rate and
biomass accumulation and in turn increased rhizodeposition
and influenced rhizospheric C dynamics [30]. Studies have
shown that balanced application of chemical fertilizers or
organic manure plus chemical fertilizers can increase soil
organic carbon (SOC) and maintain soil productivity [60]. In
our experiment, incorporation of green manure and applica-
tion of FYM supplied additional C in soil, with the integrated
nutrient management resulting in higher SOC than with only
CF. The low organic carbon content in soil observed under CF
treatments was due mostly to rapid mineralization and
absence of formation of organo-mineral complexes [24].
There was a consistent decrease in soil available N in the
elevated [CO2] environment as compared to the ambient
environment. The increased C input under elevated [CO2]
caused an increase in soil microbial use of N [56], possibly
decreasing the available N. Studies have shown that temper-
ature elevation promotes soil microbial activity, whereas
[CO2] elevation enhances microbial N-utilization rate in soil
[61]. Moreover, the availability of additional photosynthate
enables most plants to grow faster under elevated [CO2] with
higher dry matter production [62,55] and increased uptake of
nutrients from soil, resulting in depletion of nutrients in soils
with location exchange capacity such as ours, a red lateritic
soil that needs a continued supply of external nutrients for
maintenance of high production.
Soil available P increased consistently in the elevated [CO2]
environment compared to the ambient environment in both
seasons. There are mechanisms by which increased [CO2]
leads to increased soil P mineralization and thereby its
availability. In a rice/wheat FACE experiment in China
[63,64], higher root biomass and exudates under elevated
[CO2] enhanced the availability of soil P. P is linked by ester
bonds to soil organic matter, and may be made available by
the action of phosphatase secreted by roots, mycorrhizae,
and bacteria. Exudation of acid phosphatase enzyme by roots
may constitute a very small portion of the total C lost to the
root, but that part is extremely important for releasing P
from phosphate esters in soil organic matter for plant use,particularly in P-limited environments [65,66]. In the present
study, increased root biomass of 15% and 48% in the wet and
dry seasons, respectively, in the elevated [CO2] environment
may have increased phosphatase activity in the rhizosphere
and thereby soil extractable P. The available K content of soil
was not influenced significantly by [CO2] elevation.5. Conclusions
We studied the effect of elevated [CO2] on growth and yield of
promising cultivars grown during wet and dry seasons in
subtropical India. Growth parameters of rice were favored, but
grain yield was adversely affected by increased [CO2] level
(25% higher than ambient) in an OTC experiment, though they
were statistically not significantly different in the wet and dry
seasons. Compared to CF alone with recommended doses of
nutrients, the effects of integrated nutrient management on
growth and yield of rice were not significantly different during
wet season, but significantly lower during the dry season.
Further increasing nutrient dose (by 25%) via CF increased the
rice grain yield significantly in both seasons. [CO2] elevation in
the OTC led to marginal increases in organic carbon and
available P content of soil, but decreased available N content
at harvest of both wet and dry season crops. This result
suggests that rising [CO2] level (97 μmol L−1) and air temper-
ature (0.85 °C) will have no strong influence on growth and
yield of rice crop and changes in soil fertility in both wet and
dry seasons in subtropical India. However, the trend of
marginal decreases in crop yield and soil available N content
may become alarming if suitable adaptations are not intro-
duced. Higher nutrient doses by integration of organic and
chemical sources in the wet season and chemical sources
alone in the dry season should be applied to meet the crop N
requirement for increasing rice production in subtropical
India under climate change scenarios.Acknowledgments
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